In a synthesis of gold nanoparticles on a microfluidic device by citrate reduction, a particle size control by changing a flow rate was reported. To apply this simple control method to the synthesis of other metallic materials, we propose the synthesis of copper nanoparticles (CuNPs) in ethylene glycol by the microfluidic device using ascorbic acid as both antioxidant and reducing agent. The experimental results found for the first time that the effect of the flow rate of agents on particle size of the synthesized CuNPs in the device.
Introduction
In an inkjet printing technology, metallic nanoparticles were utilized as a printing ink [1] . Copper nanoparticles (CuNPs) is attractive attention as the ink material with economic and performance advantages over silver. There are reports about the synthesis of CuNPs using liquidphase reduction [2] . But, since copper is easily oxidized, the synthesis in inert atmosphere and controlling of the reduction temperature are required.
The synthesis of metallic nanoparticles using the microfluidic device with microchannel are studied [3] . We reported a particle size control method in the synthesis of gold nanoparticles on the microfluidic device [4] . This method enables to synthesize monodispersed gold nanoparticles by controlling the flow rate.
By applying above size control method, it is expected that the synthesis of CuNPs in the microchannel can be controlled the particle size by changing the temperature and the flow rate, because the microchannel in the microfluidic device is sealed from the outside and thermal efficiency is high. But there has been no report on the size control method of CuNPs synthesis using microfluidic device. In this paper, we report the synthesis of CuNPs using glass microfluidic device.
Materials and Methods

Glass Device
Soda-lime glass microfluidic device with a Y shaped microchannel of 260 μm width and 70 μm depth was fabricated by the micropowder blasting and thermal bonding as shown in Figure 1a [5] . A mask pattern with a Y-shaped channel (Figure 1b) was fabricated on the bottom substrate using a dry film resist (MS7050, Mitsubishi Paper Mill Ltd., Tokyo, Japan) via photolithography. Subsequently, Al2O3 microparticles with a mean diameter of 25 μm were accelerated from the nozzle with a diameter of 0.8 mm toward the sample with high-pressure (0.3 MPa) airflow and an incident angle of 90°. On the other hand, two inlet holes and one outlet hole on the upper substrate were processed by a router with a diameter of 3 mm. Finally, the two fabricated glass substrates were thermally bonded in the oven at 610 °C for 8 h and cooled at the rate of 30 °C/min under a pressure of 3.7 kPa. 
Synthesis
At the flow rate of 0.001 to 0.04 mL/min, 3 mL copper (II) chloride dihydrate in ethylene glycol (solution-A, 50.1 mM), and 3 mL L-Ascorbic acid in ethylene glycol (solution-B, 505.7 mM) were simultaneously injected into Inlet-1 and Inlet-2 by syringe pump, and the synthesized CuNPs was collected from Outlet in a bottle through the silicone tube (Figure 2a) . In this study, the device was set on a heater, and the temperature of device was controlled at 160 °C with a thermostat and the heat sensor (Figure 2b ). 
Characterization
The spectra of synthesized CuNPs were measured using a UV-visible spectrometer (UV-1240, Shimadzu Corporation, Kyoto, Japan). The synthesized CuNPs were observed using dynamic light scattering (SZ-100, Horiba Ltd., Kyoto, Japan) and transmission electron microscopy (TEM) (JEM2010, JEOL Ltd., Tokyo, Japan) to evaluate dispersibility and nanoparticle diameter. Figure 3a shows the photograph of CuNPs synthesized in the device at the temperature of 160 °C. The synthesis results confirmed that CuNPs were synthesized because the initial precursor solution before reduction changed to clear orange and dark black. Figure 3b shows UV-visible spectra of the synthesized CuNPs and precursor solution (before reduction). UV-visible spectrum was changed by increasing the flow rate [3] . But the synthesis was not completed at the flow rate of 0.001 mL/min, because of the close of the channel by the aggregation of Cu.
Results and Discussion
Absorption Spectrum
(a) (b) Figure 4 shows mean diameter and standard deviation of CuNPs synthesized in the device calculated by number-size distribution of dynamic light scattering measurement. From dynamic light scattering measurements confirmed that mean diameter and standard deviation of the synthesized CuNPs showed 1.5 nm and 0.2 nm at the flow rate of 0.04 mL/min, and the changing the flow rate was attributed to the particle size control. Figure 5 shows TEM images of the synthesized CuNPs. Figure 6 shows mean diameter and standard deviation of CuNPs synthesized in the device calculated from the TEM images. We confirmed that the single sized nanoparticle was realized by the synthesis in the microfluidic device, and the particle distribution of CuNPs was changed by increasing the flow rate. Figure 6 shows mean diameter and standard deviation calculated from TEM images of CuNPs as a function of the flow rate. It was confirmed that the mean diameter and standard deviation were 3.26 nm and 1.19 nm at the flow rate of 0.04 mL/min, and the mean diameter decreased with increasing the flow rate. This decreasing tendency was good agreement with the result of dynamic light scattering measurements. The standard deviation showed maximum value at the flow rate of 0.02 mL/min. 
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Conclusions
We have demonstrated the synthesis of CuNPs using ascorbic acid as both antioxidant and reducing agent in the simple Y shaped microchannel device with controlling the temperature. The relationship of the diameter of nanoparticle and the flow rate confirmed that single size CuNPs was synthesized, and the particle size and distribution were controlled using microfluidic device.
